Eshel N, Tian J. Dopamine gates sensory representations in cortex. J Neurophysiol 111: 2161-2163, 2014. First published January 8, 2014 doi:10.1152/jn.00795.2013.-The prefrontal cortex (PFC) maintains information about relevant sensory stimuli, in a process thought to rely on dopamine release. In a recent paper, Jacob et al. (J Neurosci 33: 13724 -13734, 2013) demonstrated one way in which dopamine might facilitate this process. The authors recorded from PFC neurons in monkeys during local application of dopamine. They found that dopamine increases the gain of sensory-evoked responses in putative pyramidal neurons in PFC, potentially by inhibiting local interneurons.
ALMOST 20 YEARS AGO Mirenowicz and Schultz (1994) discovered a peculiar feature of dopamine neurons' responses to reward. When an animal is given an unexpected reward or reward-predicting cue, dopamine neurons fire a burst of action potentials. If an expected reward is delivered at the expected time, dopamine neurons do not respond. Finally, if an expected reward is not delivered at the expected time, dopamine neurons dip below their baseline firing rate. Together, these findings suggest that dopamine neurons encode reward prediction error, or the difference between the reward an animal expects and the reward it actually receives. Such a signal dovetails beautifully with models for how animals learn from their environment, prompting intense interest in how dopamine can promote learning and motivated behavior. Although many studies have suggested that dopamine guides learning through long-term changes in synaptic strength (Reynolds et al. 2001) , accumulating evidence suggests that dopamine can also act rapidly and reversibly to affect information processing as it happens (Arnsten et al. 2012) . In their elegant recent study, Jacob and colleagues (2013) contribute to this field by showing how dopamine modulates the activity of neurons in one of the principal targets of dopamine release: the prefrontal cortex (PFC; see Fig. 1 ).
Previously, most work on dopamine and the PFC studied the neuromodulator's potential role in working memory. In a series of seminal reports, Sawaguchi and Goldman-Rakic (1991) found that neurons in dorsolateral PFC show sustained activity during the delay period of a working memory task, and that this activity is disrupted by either blocking or overdosing D1 receptors in this region (Sawaguchi and Goldman-Rakic 1991; Vijayraghavan et al. 2007 ). Thus, optimal tonic levels of D1 stimulation may contribute to the stability of working memory representations in PFC. However, in physiological conditions, dopamine acts on both the D1 and D2 families of receptors. It is worth testing, therefore, how dopamine itself modulates PFC neurons, rather than drugs targeting particular receptors. In addition, we know that dopamine neurons respond to unexpected or salient events (Mirenowicz and Schultz 1994) , and that they fire more when working memory demand is high (Matsumoto and Takada 2013) . In tasks such as these, how does dopamine affect stimulus representations in PFC?
In their study, Jacob and colleagues (2013) used electrophysiology in behaving primates to address how local application of dopamine modulates lateral PFC neurons' responses to relevant sensory cues. The authors presented rhesus monkeys with brief flashes of weak visual stimuli. Following a delay, the monkeys used one of two actions to report whether they detected the stimulus. Importantly, the precise action the monkeys needed to take was signaled by a second cue at the end of the delay. Thus, the authors neatly separated working memory ("Did I see the stimulus?") from motor planning ("I must press the lever"). In this way, the neurons' activity after stimulus onset was a pure representation of the stimulus, divorced from the monkeys' future action. During recording, either dopamine or saline was applied to the vicinity of recorded cells, allowing the authors to document how dopamine affected stimulus representations in PFC. Jacob et al. (2013) found that neurons in lateral PFC showed two classes of responses to dopamine iontophoresis: some increased their spontaneous firing rate (dopamine-excited) while others decreased it (dopamine-inhibited). In both cases, the effect of dopamine was not due to long-lasting changes in synaptic strength, since it was rapidly reversed after washing out the drug. This is consistent with the idea that in the PFC, dopamine can act in a transient fashion, rapidly and reversibly regulating specific ion channels on dendritic spines (Arnsten et al. 2012) .
When the monkeys were presented with visual stimuli, both classes of PFC neurons were excited, but the effect of dopamine on these responses was quite different. The dopamineinhibited neurons underwent subtraction, meaning they decreased both their baseline activity and their response to stimuli by the same number of spikes. On the other hand, the dopamine-excited neurons underwent an increase in gain: dopamine enhanced stimulus-evoked activity more than it enhanced baseline activity, keeping the ratio between the two responses the same. In addition, dopamine-excited neurons showed decreased response variability, resulting in a better signal-tonoise ratio.
Do these dopamine-excited and dopamine-inhibited neurons belong to different cell types? To find out, the authors clustered the recorded units' spike waveforms into two groups. Based on previous literature, neurons with longer spike waveforms are likely to be pyramidal, while neurons with shorter waveforms are putative interneurons. Strikingly, all of the dopamine-excited neurons fit into the pyramidal cell group, while putative interneurons were all dopamine-inhibited. Thus, dopamine might preferentially increase the gain of pyramidal neurons while inhibiting interneuron firing.
These results have deep implications for how dopamine might contribute to cognitive control. In particular, the observation that dopamine-excited neurons increased their signalto-noise ratio after dopamine application directly supports the so-called "gating" model of dopamine function (Cohen et al. 1996) . In this model, dopamine released after reward-predicting or salient events transiently enhances the gain of afferents to PFC, allowing the PFC to update its representations to include the newly relevant inputs. In support of this hypothesis, a recent paper by D'Ardenne and colleagues (2012) used brain imaging in human volunteers to show correlated signals in midbrain dopamine regions and PFC when subjects updated their working memory to reflect task demands. Furthermore, disrupting this updating signal in PFC using transcranial magnetic stimulation interrupted the subjects' ability to perform the task. Jacob et al. (2013) nicely complement these findings by demonstrating dopamine-evoked gain increases at a cellular level. Moreover, their results suggest a possible mechanism for these gain increases in pyramidal neurons, i.e., the inhibition of local interneurons when dopamine is released in response to relevant stimuli.
Although this is the closest study yet to examine how dopamine might affect phasic responses in PFC during behavior, there are important caveats. First, the authors used 10-min infusions of dopamine, far from the 100-ms signals that occur to salient stimuli in natural situations (Matsumoto and Takada 2013) . Future experiments taking advantage of optogenetic stimulation of dopamine terminals in PFC could help resolve this issue, either in a mouse model or when these tools become available in primates. Because they more closely mimic physiological situations, such studies could tease apart the role of glutamate corelease from dopamine terminals, which is known to cause phasic excitatory responses in PFC neurons (Lavin et al. 2005) . Second, this study does not assess whether dopamine or the PFC is actually required for performance on this task. In fact, it has been shown that monkeys with PFC lesions show deficits only when asked to remember the position of objects in space, which the current task did not require (Goldman-Rakic 1987) . Thus, to demonstrate that the authors' findings are relevant for normal behavior, it would be necessary to disrupt PFC activity or block dopamine release in this area. Third, using waveforms to identify cells as either pyramidal neurons or interneurons is not reliable (Nowak et al. 2003; Vigneswaran et al. 2011 ). More robust clustering would be useful, either through anatomical methods or a combination of other electrophysiological characteristics. Last, it would be interesting to determine how dopamine's effect varies between cortical layers. It has been hypothesized that neurons with sustained activity during the delay period belong primarily to layers III or IV, while neurons with phasic responses to the cue belong to layer II (Arnsten et al. 2012). Jacob et al. (2013) recorded many neurons with phasic cue responses but few with sustained activity, leaving it unclear whether the lack of sustained responses is due to a quirk of their task or a bias in recording location.
Despite several decades of work, the effects of dopamine release on information processing in the rest of the brain remain quite mysterious. Rather than a unified role in every downstream area, dopamine acts through diverse mechanisms over multiple timescales. By combining pharmacology with careful in vivo recording, this study takes a significant step towards understanding dopamine's function in PFC.
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N.E. and J.T. drafted manuscript; N.E. and J.T. edited and revised manuscript; N.E. and J.T. approved final version of manuscript. Fig. 1 . How does the brain represent salient stimuli (e.g., a coffee mug in the morning) to elicit the appropriate response (e.g., drinking the coffee)? Neurons in the prefrontal cortex (PFC) maintain relevant information in working memory, in a process thought to rely on dopamine release. But what is the mechanism of dopamine's action in PFC? In a recent paper, Jacob et al. (2013) recorded from PFC neurons while monkeys performed a simple workingmemory task. During the recording, the authors locally applied either dopamine or saline and measured how these manipulations affected PFC responses. They found that dopamine decreased stimulus-evoked activity in putative interneurons (circle), while increasing the gain of activity in putative pyramidal neurons (triangle). Such a gain increase is consistent with the popular "gating" model of dopamine function, which posits that dopamine enhances PFC responses to relevant input, allowing PFC neurons to stably represent important information without distraction from irrelevant stimuli.
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